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ABSTRACT

BACKGROUND: Cerebral myeloarchitecture shows substantial development across childhood and adolescence, and
aberrations in these trajectories are relevant for a range of mental disorders. Differential myelination between intra-
cortical and subjacent white matter can be approximated using signal intensities in T1-weighted magnetic resonance
imaging.

METHODS: To test the sensitivity of gray/white matter contrast (GWC) to age and individual differences in psy-
chopathology and general cognitive ability in youths (8-23 years), we formed data-driven psychopathology and
cognitive components using a large population-based sample, the Philadelphia Neurodevelopmental Cohort (N =
6487, 52% female). We then tested for associations with regional GWC defined by an independent component
analysis in a subsample with available magnetic resonance imaging data (n = 1467, 53% female).

RESULTS: The analyses revealed a global GWC component, which showed an age-related decrease from late
childhood and across adolescence. In addition, we found regional anatomically meaningful components with
differential age associations explaining variance beyond the global component. When accounting for age and sex,
both higher symptom levels of anxiety or prodromal psychosis and lower cognitive ability were associated with
higher GWC in insula and cingulate cortices and with lower GWC in pre- and postcentral cortices. We also found
several additional regional associations with anxiety, prodromal psychosis, and cognitive ability.

CONCLUSIONS: Independent modes of GWC variation are sensitive to global and regional brain developmental
processes, possibly related to differences between intracortical and subjacent white matter myelination, and indi-
vidual differences in regional GWC are associated with both mental health and general cognitive functioning.
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Adolescence is a time of extensive changes in the sociocul-
tural domain, as well as within the body, cognition, emotion,
and behavior (1,2). Brain development during this period in-
volves multiple biological processes that dynamically interact
with the environment and shows temporal and spatial het-
erogeneity across tissue types, measures, and individuals
(3-6). Increased knowledge about these brain developmental
patterns and their individual differences is key to informing
ontogenetic models of psychopathology.

Although current psychiatric diagnostic tools rely on mani-
fest symptoms that often appear relatively late in illness pro-
gression, numerous mental disorders are considered to have a
neurodevelopmental origin (7,8), with additional risk factors
related to social behavior and adverse effects of drug and
alcohol use (9). Moreover, common symptoms of mental
illness form spectra in the general population (10-13).
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Neuroimaging studies using population-based youth samples
may thus provide early identification of individuals at risk and
insight into the development of mental disorders and may
discern brain phenotypes associated with the full range of
variation in symptoms of mental illness.

The information processing analogy of the brain has pro-
vided a useful framework for the study of brain aberrations in
clinical populations (14). An underlying assumption is that a
healthy brain is characterized by efficient communication be-
tween regions, made possible by a structural backbone of
myelinated axons and pathways. Myelin is key for efficient
neural signaling as it increases speed and reliability of the
nerve signal, provides support, and prevents aberrant sprout-
ing of nerve connections (15,16). Neuroimaging studies have
described developmental trajectories (3,17) and case-control
differences (18) in the organization and microstructure of
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these white matter (WM) pathways. A recent finding in an
overlapping sample, indicate that frontotemporal WM dys-
connectivity is a transdiagnostic brain phenotype, associated
with both higher levels of psychopathology and lower cognitive
abilities (19).

Importantly, beyond WM, the cerebral cortex is also
myelinated. Intracortical myelin is predominantly found in
deeper layers of cortex, in part due to proliferation of myelin
from WM, penetrating the inner periphery of cortical neuropil
(20-22). Intracortical myelination is a crucial feature of brain
development (23), of which maturational timing conforms
with a general posterior-anterior gradient, with additional
regional specificity as highly myelinated regions, such as
sensorimotor and early association cortices, mature early
(28,24). Cortical myelin content, as indirectly assessed
in vivo using magnetic resonance imaging (MRI), has been
linked to cognitive performance in youths (25) and adults
(26), and abnormal intracortical myelination is a candidate
mechanism for common mental disorders (8,16,27,28).
Compared with closely related nonhuman primates, post-
natal intracortical myelination in humans is exceptionally
extended (29). Although there are clear benefits to allow for
prolonged environmental influences on brain circuit estab-
lishment and refinement, this human-specific shift in timing
and extension of cortical development may come at a cost,
as diverse forms of psychopathology typically emerge during
adolescence (30).

Cholesterol in myelin is a major determinant of the in-
tensity in the T1-weighted MRI signal (31,32), and cortical
gray matter (GM) intensity has been shown to correspond
closely with histologically based myelin profiles (33), specif-
ically with myelin rather than iron content (34). The differential
myelination of the cerebral cortex and subjacent WM can be
approximated using the gray/white matter contrast (GWC) of
the T1-signal intensity. Lower GWC indicates that GM and
WM intensities are more similar, while a higher contrast re-
flects a larger discrepancy; however, the biological inter-
pretation is likely complex. GWC exhibits significant
heritability (35) and shows regional aging-related patterns
(86). Although dysmyelination is a viable candidate mecha-
nism for brain network dysfunction, few studies have exam-
ined this measure in relation to mental health, and those that
have did so only in adults with psychosis (37-39).

The present study aimed to test the sensitivity of GWC to
individual differences in age and psychopathology in youths
(8-283 years). We used the Philadelphia Neurodevelopmental
Cohort ([PNC], N = 6487) to develop data-driven clinical and
cognitive components (19). In a subsample with available MRI
data (n = 1467), we performed an independent component
analysis (ICA) of vertexwise GWC across the brain surface
and tested for associations with age, different psychopa-
thology components, and general cognitive ability. We hy-
pothesized that GWC generally would show a negative
association with age, possibly owing to protracted myelina-
tion of cortex compared with subjacent WM, as well as
regional age-related patterns. Next, we hypothesized that
youths with increased symptoms of psychopathology or
lower cognitive ability would show regionally higher GWC,
possibly indicating lower levels of intracortical myelin
compared with subjacent WM.

METHODS AND MATERIALS

Participants

The analyses were based on the publicly available PNC
(Permission No. 8642), a large population-based sample
comprising MRI, cognitive, clinical, and genetic data (40,41).
Further details on the project and procedures are described in
the Supplement and elsewhere (40,42,43).

As reported previously (19), all individuals (N = 6487, 3379
female) age 8 to 22 years who were made available from the
PNC were included for psychopathology and cognitive ana-
lyses. Missing clinical item scores were replaced with the
nearest neighbor value based on Euclidean distance. We then
formed data-driven cognitive and clinical components and
tested for associations with GWC in a subsample of individuals
with available and quality-controlled MRI data. From 1601
available scans, we excluded participants with severe medical
health conditions (n = 70), based on a severity index rating by
trained personnel in the PNC study team (44), or owing to
incomplete or poor-quality MRI data (n = 64, see MRI Acqui-
sition and Processing). The final MRl sample consisted of 1467
individuals (776 female) age 8.2 to 23.2 years. Respectively, 66
and 65 participants had missing clinical and cognitive data and
were excluded from relevant analyses. See Supplemental
Table S1 for MRI- and psychopathology/cognitive sample
demographics.

Clinical Assessment and Data-Driven
Decomposition of Psychopathology

The clinical assessment consisted of a computerized and
modified version of the neuropsychiatric interview Kiddie-
Schedule for Affective Disorders and Schizophrenia. This
interview assesses psychological treatment history and lifetime
occurrence of psychopathology. For participants age 11 to 17
years, information from collaterals were included, while this
was the only source for 8- to 10-year-old participants (40).
Attempting to separate domains and uncover the empirical
correlation structure of psychopathology across diagnostic
boundaries, using the larger set of participants (N = 6487), we
submitted 129 clinical symptom score items, covering 18
clinical domains, to ICA using Icasso (http://research.ics.aalto.
fi/ica/icasso/) (45), as reported previously (19). The analysis
yielded seven psychopathology components. In addition, as a
general measure of psychopathology, we computed the mean
subject weight across these components.

Cognitive Assessment and Definition of a General
Cognitive Factor

Participants completed a computerized test battery evaluating
a range of cognitive domains (43). Retrieving a single factor to
estimate general cognitive ability, conceptually similar to the 1Q
score, we included performance scores from 17 diverse tests
in a principal component analysis without rotation in the larger
set of participants (N = 6487) as reported previously (19).
Owing to high correlations between test scores and age, all
raw scores were age residualized by linear regression and
standardized before running the principal component analysis.
The first factor was extracted as a general measure of cogni-
tive function (gF), explaining 12% of the variance.
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MRI Acquisition and Processing

MRI scans were acquired on a single 3T Siemens TIM Trio
whole-body scanner (Siemens, Erlangen, Germany) without
any software or hardware upgrades (40) (see Supplemental
Methods). We used FreeSurfer 5.3 (http://surfer.nmr.mgh.
harvard.edu) for cortical reconstruction and volumetric seg-
mentation (46-49). To assess the quality of the cortical re-
constructions, we implemented a flagging procedure based on
robust principal component analysis for detecting signal-to-
noise and segmentation outliers (50,51). We carefully inspec-
ted flagged datasets, and minor edits were performed when
necessary (n = 459). Scans from 63 participants were excluded
owing to poor image quality and poor Euler number (52) (see
Supplemental Table S2).

Based on previous implementations (37,53,54), for each
participant, we sampled signal intensities from the nonuniform
intensity normalized volume (nu.mgz) using the FreeSurfer
function mri_vol2surf. For each vertex, GM intensities were
sampled at six equally spaced points, starting from the gray/
white boundary and ending 60% into cortical GM. We selected
this end point to minimize contamination of voxels containing
cerebrospinal fluid. WM intensities were sampled at each
vertex at 10 equally spaced points, starting from the gray/white
boundary and ending at a fixed distance of 1.5 mm into
subcortical WM. To obtain single separate measures of GM
and WM intensity per vertex, we calculated the average in-
tensity value for each tissue type. GWC was then computed as
100 X (white — gray)/[(white + gray)/2] (37), such that a higher
value reflects greater difference between GM and WM signal
intensities. The GWC surface maps were smoothed using a
Gaussian kernel of 10-mm full width at half maximum.

We then performed ICA to decompose the GWC surfaces
into spatially independent modes of variations using Icasso
(45). We used a model order of 15, pragmatically chosen based
on a compromise between data reduction and total explained
variance.

See Supplemental Methods for processing procedures for
comparison between GWC and the complementary method of
T1-T2 ratio.

Statistical Analyses

We first tested the associations between each GWC indepen-
dent component (IC) and age by computing the t statistics of the
linear and quadratic age effects on each GWC IC using general
linear models (GLMs), covarying for sex, and p values were
corrected using the false discovery rate procedure with a sig-
nificance threshold of .05 (55). To visualize the observed effects,
we used locally estimated scatterplot smoothing (loess) and
ggplot2 (56) in R (https://www.r-project.org/). We also used loess
to assess WM and GM separately (see Supplemental Methods).

Second, we tested for associations between the psycho-
pathology component loadings and gF and GWC ICs using
GLMs with age and sex as covariates. We also report asso-
ciations with the quadratic age term when significant. For each
of the 15 GWC ICs, we ran GLMs where one of the seven
psychopathology ICs, mean psychopathology score, or gF
was included as an independent variable, resulting in 135
(15 X 9) models. The p values obtained from all models were
then corrected using the false discovery rate procedure with a

significance threshold of .05 (55). For follow-up analyses
concerning brain size and ethnicity, see Supplemental
Methods. To investigate possible interactions between age
and psychopathology and gF on GWC ICs, we repeated the
above models including an additional interaction term between
these variables. To assess the dynamics of effects not
necessarily well modeled by GLM, we also performed a sliding
window analysis and a subgroup Vvisualization (see
Supplemental Methods).

Third, to allow for comparison with a more conventional
vertexwise approach, we examined the vertexwise effects of
age, covarying for sex, and for psychopathology and gF, co-
varying for sex and age, on GWC, using GLM as implemented
in the Permutation Analysis of Linear Models toolbox (57). To
assess statistical significance we used 10,000 permutations
and familywise error correction with threshold-free cluster
enhancement (58) and a significance threshold of p < .05,
corrected. For follow-up analyses where thickness was added
as a vertexwise covariate, see Supplemental Methods.

RESULTS

ICA Decomposition of GWC

Figure 1 shows the 15 GWC components from Icasso (45). In
total, these components explained 29% of the total variance.
With some notable exceptions, the maps were highly bilateral
and symmetrical and were region specific, except for a single
global component. Regional specification corresponded well
with regions separated within T1-T2 ratio maps and histolog-
ical profiles, concerning both myelin content and develop-
mental patterns (23,24,33).

Associations Between GWC and Age

The global GWC component showed a marked negative linear
age association (t = —14.68, p = 1.27 X 107%%). Importantly, all
remaining GWC ICs must be understood as reflecting inde-
pendent variance beyond this global component. Components
reflecting pre- and postcentral cortices showed strong linear
negative age-associations (t = —24.34, p = 3.70 X 10~ "% and
t=-21.37, p = 1.92 X 10788 respectively), and the occipital
component also showed a highly significant negative associ-
ation (t = —8.8, p = 3.83 x 10~ '®). The remaining ICs showed
either slight or marked linear positive age associations with
t values ranging from 6.49 to 24.91 (all p < .05). The superior
parietal and left lateral anterior components did not show a
significant linear age effect. Loess visualization of the associ-
ations between GWC ICs and age are shown in Figure 1. See
Supplemental Results and Supplemental Figure S1 for loess
visualization of GM and WM separately.

Associations Between GWC and Psychopathology
and gF

Figure 2 shows the results from the GLMs testing for associ-
ations between GWC and clinical and cognitive scores. There
were several significant associations between GWC and anx-
iety (IC2) and prodromal psychosis (IC4). Specifically, higher
loading on either anxiety or prodromal psychosis was associ-
ated with higher GWC in left lateral posterior cortex (t = 3.01,
p=178 x 1072 and t = 2.85, p = 2.60 X 102, respectively)
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Figure 1. Gray/white matter contrast (GWC) independent components (ICs) and their associations with age. The GWC IC columns show the number, name,
and anatomical representation. For the GWC IC maps, thresholds were set at 1 to 3 SDs, except “1 Global,” which is set at 1 to 9 SDs. The age association
columns show loess visualizations of the age associations. The t statistics for age and age?, covarying for sex, are shown in the top right corners. *False
discovery rate corrected p = .05.
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and insula and cingulate cortices (t = 4.55, p = 1.33 X 10~ *and
t=3.8,p =2.28 X 1073, respectively), and with lower contrast
in precentral (t = —3.51, p = 4.86 X 1072 and t = 3.68, p =
2.75 X 1078, respectively) and postcentral (t = —3.28, p =
891 X 10 and t = —2.58, p = 4.96 X 1072, respectively)
cortices. Anxiety showed additional positive associations in
prefrontal (t = 3.47, p = 5.27 X 107%) and right lateral posterior
t = 3.00, p = 1.78 X 1072 cortices. Prodromal psychosis
showed an additional positive association in the visual cortex
(t = 4.38, p = 2.45 X 10~ %) and additional negative associations
in medial temporal (t = —3.03, p = 1.78 X 107?) and superior
frontal (t = —3.16, p = 1.29 X 1072 cortices.

Except for a single positive association between norm-
violating behavior and GWC in insula and cingulate cortices
(t = 3.05, p =1.76 X 1073, we found no significant associa-
tions between the other psychopathology components and
GWC. There were, however, significant associations between
mean psychopathology score and several GWC components,
but these overlapped with the effects of anxiety and/or pro-
dromal psychosis.

General cognitive ability, as indexed by gF, was positively
associated with GWC in medial temporal (t = 6.70, p = 2.09 X
1079), precentral (t = 4.12, p = 6.7 X 107% and postcentral
(t = 2.78, p = 3.07 X 1072, and orbitofrontal (t = 6.83, p =
1.76 X 1079 cortices, and it was negatively associated with
GWC in insula and cingulate (t = —6.49, p = 5.48 X 1079,
superior parietal cortex (t = —2.92, p = 2.19 X 10~?), right
lateral posterior cortex (t = —2.77, p = 3.07 X 1072), and visual
cortex (t = —4.60, p = 1.25 X 107%). Six of these eight asso-
ciations between general cognitive ability and GWC spatially
overlapped with associations between psychopathology and
GWG, but with effects in the opposite direction. The correlation
with gF loading was —0.14 and —0.13 for anxiety and
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prodromal psychosis loading, respectively. See Supplemental
Results for brain size added as a covariate (Supplemental
Figure S2) and for analyses within the two largest ethnicity
groups (Supplemental Figure S3). Briefly, adding brain size
expectedly reduced effect sizes somewhat, but association
patterns were retained. Contrarily, performing separate ana-
lyses within Caucasians and African Americans/blacks indi-
cated differential association patterns.

We found no significant interactions between age and psy-
chopathology or gF on the GWC ICs. For GLMs with interaction
terms, sliding window results, and loess subgroup visualiza-
tion, see Supplemental Figures S4-S6.

Vertexwise Associations Between GWC and Age,
Psychopathology, and gF

Figure 3 shows the results from the vertexwise analyses.
Briefly, permutation testing revealed a near global negative
association between age and GWC, indicating lower GWC in
widespread regions with higher age. Strongest negative as-
sociations were seen in regions around the central sulcus
(Supplemental Table S3). These results generally correspond
well with the results from the ICA approach. For results where
thickness was added as a vertexwise covariate, see
Supplemental Results and Supplemental Figure S7. Addition-
ally, for per-vertex full and partial correlations controlling for
age between thickness and GWC, see Supplemental
Figures S8 and S9. In short, adding thickness had minor ef-
fects on results, and correlations between GWC and thickness
were generally low. For results on the vertexwise associations
among psychopathology and gF and GWC, see Supplemental
Results. Briefly, there were no significant associations of the
psychopathology components, but there were negative
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Figure 3. Vertexwise associations between age and gray/white matter contrast. The ¢ statistics are masked by familywise error corrected p values with a
threshold set at a minimum —log,, of 1.6 to correct for two hemispheres. Blue regions represent negative age associations.

significant associations with gF and GWC (Supplemental
Figure S10).

Comparison Between GWC Map and T1-T2 Ratio
Map

Figure 4 depicts the mean GWC surface map from all partici-
pants compared with the Conte69 (http://brainvis.wustl.edu/
wiki/index.php//Caret:Atlases/Conte69_Atlas) mean T1-T2
ratio map provided by Human Connectome Project (see
Supplemental Results for detailed descriptions). For mean GM
and WM surfaces displaying intensity spread across the ce-
rebrum, refer to Supplemental Figure S11.

DISCUSSION

Cerebral myeloarchitecture develops across childhood and
adolescence, and based on the current study, individual vari-
ability in the difference between intracortical and subjacent
WM myelination likely has clinical relevance for a range of
mental disorders, in particular anxiety and psychotic disorders.
Based on T1-weighted brain scans from 1467 children and
adolescents, we approximated myelination using the contrast
in signal intensity between intracortical and subjacent WM
across the brain. We found a global blurring of the GWC at
higher ages, possibly in part reflecting protracted intracortical
myelination compared with subjacent WM, with additional
regional developmental patterns. Across individuals, regional
GWC was associated with symptom burden, with significant
associations to symptoms of anxiety and prodromal psycho-
sis, and with general cognitive ability.

A broad range of psychopathology components were
identified using a data-driven approach, and regional GWC

394

was found to be associated with symptom levels of psycho-
pathology within components reflecting several forms of anx-
iety and a component reflecting positive prodromal and advert
psychosis. Higher levels of either anxiety or prodromal psy-
chosis were associated with higher GWC in left lateral poste-
rior and insula and cingulate cortices and lower contrast in
sensorimotor cortices. Anxiety also showed positive associa-
tions in prefrontal and right lateral posterior cortices, while
prodromal psychosis showed a positive association in the vi-
sual cortex and negative associations in medial temporal and
superior frontal cortices. Although our original hypothesis was
that increased symptom burden would be linked to regionally
higher GWC, effects in both directions have been reported in
prior studies (see below).

In addition to well-documented WM aberrations (19,59-61),
there is accumulating evidence for abnormal intracortical
myelination as a potential mechanism for brain network
dysfunction in neurodevelopmental disorders and psychosis in
particular (16). Myelin-related abnormalities in psychosis is
indicated by genetic association studies (62), from postmortem
studies (63,64), and from the notion that psychotropic treat-
ments have effects on myelin and its plasticity and repair (65).
Two previous studies have investigated GWC in adults with
schizophrenia with similar methods. Kong et al. (38) reported
decreased GWC in frontal and temporal regions, while
Jorgensen et al. (37) in a larger study reported the opposite—in
other words, increased GWC, yet in separate sensorimotor
regions. Somewhat inconsistent with these studies, our results
indicate that higher psychosis symptom levels in adolescents
are associated with decreased GWC in pre- and postcentral
cortices extending into superior frontal cortex and with
increased GWC in left lateral posterior, insula and cingulate,

Figure 4. Mean gray/white matter contrast
map vs. T1-T2 ratio map. The Philadelphia
Neurodevelopmental Cohort (PNC) depicts
the mean gray/white matter contrast surface
maps of the current sample. Warm colors
represent regions with lower gray/white
matter contrast, while cold colors represent
regions with higher gray/white matter
contrast. Conte69 depicts a mean T1-T2
ratio map from young adults, based on 69
subjects (male = 38, female = 31, age = 9-45)
(77). Warm colors are thought to represent
regions with a high amount of intracortical
myelin, while cold colors represent regions of
low myelin content.
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and visual cortices. The discrepancy could be due to analysis
approach, sample age, or clinical characteristics. In addition to
associations with prodromal psychosis, we also found asso-
ciations with anxiety in partly overlapping regions.

We also investigated associations between general cogni-
tive ability and GWC, hypothesizing that higher cognitive
ability would be associated with lower GWC. The results
indeed showed negative correlation in insula and cingulate,
superior parietal, right lateral posterior, and visual cortices, but
the results also show positive associations in medial temporal,
pre- and postcentral, and orbitofrontal cortices. Interestingly,
most of these regions overlapped with regions in which we
found associations between GWC and psychopathology, with
effects consistently in the opposite direction.

A few prior studies measuring either GWC or T1-T2 ratio
have reported associations with cognitive functioning
(25,26,66). For example, a study on youths reported that brain
age gap computed using GWC was related to 1Q (25). The
effects in this study were driven by “decreased age” in
sensorimotor regions and “increased age” in association
cortices. Correspondingly, we found higher GWC in sensori-
motor regions for participants with high cognitive functioning
and lower GWC in large posterior regions, particularly in the
right hemisphere. The observation that several of the GWC
regions associated with gF overlapped with regions associated
with psychopathology corresponds well with a separate study,
also on the PNC sample, that reported that gF and mean
psychopathology score share a genetic contribution (19).

In our follow-up analyses within Caucasians and African
Americans/blacks separately, there were discrepancies in the
association pattern between GWC and both psychopathology
and gF. An exploration of possible genetic or environmental
factors accounting for these discrepancies is beyond the
scope of the current study. However, we note that neighbor-
hood crime rate and parental education has previously been
found to partially mediate the association between ethnicity
and cognitive function in the PNC sample (67,68).

The global GWC component showed an age-related
decrease across late childhood and adolescence. Although
the microstructural underpinnings represent changes within
both GM and WM, our results do fit well with prior studies
employing cross-sectional MRI cortical intensity measures or
postmortem histology of intracortical myelin. For instance, a
study investigating cortical signal intensity reported a steady
age-related decrease from childhood to adulthood (53), while a
study employing T1-T2 ratio reported what was interpreted as
an ongoing intracortical myelination process from 8 years of
age extending well into adulthood (66). Correspondingly, a
postmortem study reported that the maturation of human
intracortical myelination extends past late adolescence (29).

Beyond the global age-related decrease in GWC, regional
components showed both positive and negative age effects,
which could in sum reflect regionally protracted and acceler-
ated development, respectively. For instance, components
encompassing primary sensorimotor or occipital regions
showed negative associations with age. These regions have a
high myelin content and mature early (23,24). In comparison,
for example, the frontal lobe and temporal pole are known to
continue intracortical myelination considerably longer (66,69),
and the frontal lobe shows peak GM signal intensity later than

the age range of the current sample (53). Components
capturing these regions in the present study showed positive
age associations, which, together with the global negative age
effect, might indicate regionally protracted development.

Our GWC map showed high consistency with a mean T1-T2
ratio map provided by Human Connectome Project (24). The
moderate correlation between the two maps could partly
reflect differences in age range and scanner-related properties.
Still, the strength of the correlations indicates that although the
measures share variance, they also have specific, unique
properties.

A limitation of the current study is that age-related differ-
ences in GWC cannot be specifically attributed to protracted
intracortical myelination. Although our results converge with
prior histological and MRI studies, the microstructural un-
derpinnings of the measure are likely highly complex. Logically,
GWC is a combination of both GM and WM, and loess visu-
alizations indeed indicated similar age trajectories. Addition-
ally, the biological interpretation of T1-T2 ratio as a proxy for
intracortical myelin has come under scrutiny (70,71). Moreover,
the intensity in T1-weighted images also reflects other bio-
logical properties, such as water content, iron, and dendrite
density (39,72,73). Another study limitation is the potential for
partial volume effects owing to sampling intensities close to
the gray/white boundary. We chose this approach to include
deeper, more myelinated layers of cortex. Partial volume ef-
fects could vary depending on cortical thickness, although
vertexwise correlations between GWC and thickness were
generally low, and adding thickness as a regressor had minor
effects on vertexwise results. Lastly, the cross-sectional
design, which is a nonoptimal indirect way of studying devel-
opment (74), is a limitation to the current study.

The relevance of the current study is twofold. First, studies
of individuals at risk for mental disorders have typically used
genetic risk from family history or clinical risk measured as
symptoms in help-seeking individuals (75). In contrast, the
PNC sampling strategy taps into the continuum of psycho-
pathology in youths. Thus, our findings may help define
markers of neural dysfunction at both an earlier age and earlier
stage of psychopathology development. This is critical for
identifying biomarkers useful for early detection and eventually
for prevention and early intervention (75,76). The finding that
aberrations are already present in generally healthy youths with
increased levels of anxiety and prodromal psychosis is an
important addition to the literature. Second, we used data-
driven approaches to identify a broad range of both psycho-
pathology components and regional patterns in GWC, aiming
to improve sensitivity and specificity, as associations between
brain structure and psychopathology are typically small or
moderate [see, e.g., (51)].

To conclude, the results of the current study showed that
GWC globally decreases across late childhood and adoles-
cence, likely partly reflecting the extended maturation of
intracortical myelination as compared to subjacent WM. We
additionally found regional developmental patterns possibly
reflecting accelerated and protracted myelination. Across in-
dividuals, regional GWC was associated with symptom burden
of anxiety and prodromal psychosis and general cognitive
ability, supporting the clinical and neurocognitive relevance of
this tissue contrast measure.
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